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PRE FAt ]1!

t_e of the outst:mding new tcclmologies applic:ible to airframle structtlre.._
is the St,perplastic Fonning/l)iffusion Bonding (qPF/1)B) pr_-cess. 'l_is innova _
tire m_mufactt,ring process in the field o_ r{t:mitun structures has already sho_m

important reductions in weight :rod fabrication cost. .qPI:/DB has the potential
of becoming the technology breakthrough to produce the needed low-cost, light-
weight, reliable t it:mit_n airlr:ulle structures required for the next gem'rat ion
of ai r vehicle, system.*.

The progr;m_ presented in this report i>; a continuation of previous N:'_SA

programs o:'iented towards the application of the SPF/DB process to supersonic
cruise research (SCR). The present program is the verification of the perform-
:race of ;m SPF/DB structure designled to _eet the requirements of :m inner wing
area of the NASA arrow-wing advanced supersonic tr;msport concept (a Boeing
deqign t,sed as the baseline).

11"e program consists of selection of structural concepts and their opt i-

raization for minimt_ weight, SPF/DB process optimization, fabrication of repre-
sentative specimens, and specimen testing and evaluation.

The structural area used for this research includes both trpper and lower
wing panels, where the upper wing panel (mainly designed ttnder compression loads)

is used for static test evaltrltion, and the lower panel (mainly designed under
tension loads) is used for fracture mechanics evaluations.

Individual test specimens were cut from six 1143 mm (45 in.) hv 1372 nm (54

in.) panels :rod consist of 39 static specimens, 10 fracture mechanics specimens,
:rod one ea(h full si:e panel for static :rod fracture mechzmics testing. Trace-
ability is maintained from the large "source" p_mels t R the individual small
specinK, ns. Tests are performed at temlmratures of -54" (7. (-_5 ° F], R. T., ,'rod
200 ° t', (500 ° F).

Key Rockwell perso_mel assc_.'iated with this program are as follow's:

G. tt. Mwin
L. [sr,,:lli

3. Stolpestad
(,. St acher
F. Keoller

C. l,appen
C. IVloore
S. Storm

Progr;ml b_mager
Project t!ngineer
Fat igue :rod Fracture _lech_lics

Material and Producibil it),
Material and Produc ibi 1 ity
_,_ml itv :rod Reliabi 1 ity A_gsur_lce
Static Tests

.Dynamic Tests
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Section I

I PgFRODUCTI ON

BA_GR(XIND

This program was one basic facet of an ongoing long-range N/kSA program
consisting of interrelated supersonic cruise research (SCR) efforts directed
toward advancing aerospace technology applicable to future supersonic cruise
aircraft.

The NASA SO/ program is s_ecificallv directed toward develol_nent of a
strong technology base to provide decision making rationale for fi_ture

supersonic aircraft, including aerodynamics, propuision, systems, and

structural studies to increase efficiency of the aircraft whiIe also providing
for environmental concerns. Under the SCR program, advances in aerospace
technology are showing that supersonic cruising vehicles can become
economically viable in the future.

Of the technologies being explored, the aircraft structure is among the

most important because it requires high reliability, _tructural efficiency, and
low cost. Several options are available for these structures, including
advanced metallics and composites. The most likely approach to SOt structures
will probably include an opthnum combination of advanced metallics and
composites to produce an efficient Iow-cost aircraft with minimal risk. The
most promising advanced metallic structure that wilI have direct application to

SCR is a new emerging technology using superplastic forming and diffusion
bonding (SPF/DB) properties of metals, particularly titanium. This technology
promises to become the technoIogical breakthrough required to produce low-cost,

lightweight, reliable SCR structures.

OBJECTIVES

The objectives of this program were to:

1. Demonstrate the applicability of the titanium alloy SPF/DB expanded
sandwich structure to future supersonic cruise aircraft

2. Establish state-of-the-art procurement specifications a_ optimize
process parameters for titanium SPF/DB

_o Supplement the design data base for a titanium SPF/DB sandwich in the

areas of static design allowable strength, fatigue and crack growth
characteristics, and crack arrestment techniques

APPROACH

This program demonstrated tb_t SPF/DB is capable of producing titanit_
structures that wili meet durability and structural requirements of future SCR
vehicles



As relxn'ted in recent stt_ttes (references l .and 2} which determined tile

imlx_ct of SPt:,'l}la technology _m typical large, supersonic cruise aircraft, cost
_avinRs appr_ching 70 l_romt ,rod weight savings appr_lchinR S0 percent, when
c_pared with more conventional titanit_ mantlfactllrirlg processes, _v Ix,

x_s_thle. Ik, stgn concepts heretofore ctmsidered tlneconomical ,w in_r,wtical
ecause of high costs and fabricatit,_ difficulties, including saa_dwlch

,;tructures, beadext t_nels, cor:t,gated m" sine _ve Sl_lt's, frames, and txmel'_
with integral fraunes0 are n_ possible using the SPF/1)B process. Complex
confi_lrations which could otlwrwise not N, f,d_ricated by conventional nethods

have bee_i prtxhl,'t'xl in titanitlm by the SPF 'I}B process in a single cycle.

._lperp:asticitv in tttanit_ is a pht'n_enon in _.i,-h very arge ten-.lie
elongations may I_, real i:ed N, cam_e, _mder the proper conditions of tt,mperature
and strain rate, lt_.-al thinning tnc_-king/ does not <_'cur. (_ fi_lre la.}
l_iffusi(m l_mding (liB] is the joining of titanit_ tinder pressure at elevated
tt_tmratures without melting or tk,_e of Nmding agents. Forttmatelv, I}B of

titani,_n is acct_mplishtx! trader identical conditions to that of superplastic
formng (fiPF). 'l_is is the h_sis for the ctwnbinex! SPF'DB process.

Ct_bininR _f SPF _ith l_B, using stopoff in selected areas to prevent
bonding, and tt,_ing argon l_s to expand the I)B lx_rts, provides a male range of
strt_:tural shapes fr_ simple t_o-sheet construction to extremely complex
inte_al skin-stringer-frame shapes {reference I}. The fabrication of a

three-sheet sandwich strt_-ture is illustrated in figure lb. Yttria comtx_t_d
(stop_ff} is applied to both sides of the core sheet to prevent I_B where

desired. The titanit_ pack is then he, ted to aperoxi_stelv 9270 C (1,700o F},
argon ,¢as pressure is appl ied to the sheets caustng I1B, followed by. the

sandwic,h being forn_l bv exlx_mding the I_ck with argcm gas in.ject_! between the
t_o face sheets.

,'R1tEIIII,E

'l_ae prograun schedule is illustrated in fi,_re 2.

tasks sho_ 3l'e describt_t i_t "t_ogram Strt_cture."
Tim four interdependent
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LIST OF SYMBOLS

sandwich cross section area

bending rigidity or" facing1 sheets about s_mdwich centroidal axis

compression mtxlultLs of elasticitv

coltish buckling stress

initial b_:kling stress

crippling stress (subscript indicates individt_ll sect ion comtxments)

compression yield stress

core "_eh initi:tl shear NJckling stress

core web failure stress

core shear stress corresponding to core web initial buckling stress

core shear failure stress

material shear _xtulus

core shear modulus

section moment of inertia

moment of inertia for 2p sandwich width

moment of inertia for LT sandwich width

be,_an length between supl_')rts

moment

applied test load

highest test load in the elastic range

col un_ bucklinR load

crippling coefficient (function of edge support and material)

distance from the neutral a×is to the midfiber of t_._., compre.,;sed
facesheet of the sandwich

applied stress
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LIST OF S_fl_OLS (ConcI)

appli_t stress at which buckling occurred

applied failure ._ress

applied core shear corresponding to core _b initial buckling

appliext ulti_nate core shear

blk:kl ing coeffic ient

buckling coefficient for core web shear

force am (moment = force x arm)

thickness of the compressed facesheet

thinnest facesheet thickness

effective width

combined bending and shear deflection

bending deflect ion

shear deflect ion

Poisson's ratio

plasticity correction factor

radius of gyration

material density

reduced core density (core _ebs considered only as core co_t_nentl

strain

parallel to core orientation

perpendicular to core orientation

buckling

crippling



Section II

PROGRAbl DEVELOP_NT

PROGRAN STRUCTURE

In order to achieve the program objectives in a logical sequence of

efforts, a program organization consisting of four interdependent tasks was
established.

Task I Structural Concept Selection

Task 2 - Process Optimization and Test Specimen Fabrication

Task 3 - Design Allowables Data

Task 4 - Structural Panel Performance

In task 1, one expanded sandwich configuration was selected and sized to

meet specified requirements. Panels were designed and detai; _d for fabrication
as a source of test specimens for tasks 3 and 4. Design allowable test
specimens were designed to be cut from some of the panels.

In task 2, processing parameters for the SPF/DB operation were optimized
and specimen panels were fabricated and, where appropriate, cut into smaller
test specimens. A complete quality assurance program was developed and used
for the titanium material, processing operation, and final product.

In task 3, a comprehensive test program for selected design allowables

data was developed. Tests included short column, bending, core shear,

durability, and crack growth rate. Data have been evaluated and compared with

existing data on expanded sandwich.

In task 4, a test program was established for the behavior of large
expanded sandwich panels of the configuration established in task 1. One panel
was statically tested in compression, and one was fatigue tested in tension,
simulating a key location on the upper and lower wing surface, respectively.

Test results were evaluated and compared to theory and appropriate published
data.

Activities in the four program tasks are described in detail in the
follomng sections.



TASK 1 - STRUC_iRAL _T SELECTION

PROTOTYPE S'rRU_IRA£ APPLICAFION

The prototype structure specified to be the basis for this program is the
upper and Icier rang surface (at point 4) of the Boeing supersonic transport
(SST', study aircraft def_.ed in NASA (11145111. The location of point 4 and
associated loading condittorks are shown in figure 3 and table I. The wing

upper surface, critical in compression, was selected as the basis for
compression strength and panel stability static testing; the mng lower
surface, critical in tension, is the basis for fatigue (crack growth) and crack

arrestment specimens.

SANIN!CH _CI_FR_ SELECTION

Earlier optimization sit,ties of SPF/1)B sandwich configurations compared
truss, sine wave, and dimpled core characteristics, properties, anti
efficiencies. The results of these studies (prior to this program) led to the
selection of a truss-core conf:,guration as optimum for the requirements and
load levels of this program. It is considered a simple and efficient concept
for a ratio of more than 3:i between the two biaxial compression loads. The
truss core was oriented along the highest of tl_ two edgewise compression
loads, resulting in a spanwise core orientation for the upper wing panel and a
chordmse orientation for the lower wing panel. (See figure 4 for panel sizes
and core orientation.)

CONFI (tJRATIOR SI" LNG

Effort was performed to reconfirm and finalize the geometric parameters
selected in ,lockwell precontract studies. (See figure 5.) Preliminary
optimization of the upper and lower covers of the wing at point 4, the location
selected for consideration in this program, was rerformed by hand. An existing
Rockwell computer program, designed to optimize truss-core sandwich geometry
under m de-colurm conditions, was used to finalize the iower wing cover sizing.
This computer program was then expanded to cover compression biaxial and shear
loaded panels and used to finalize the upper wing cover. Upper and lower panel
original configurations were improved and their combined weight reduced by"
about 4.3 percent.

PANEL DES I(I_

In designing the panels to be fabricated for this program, it was decided
the panels should be as large as feasible to reduce fabrication costs and
r,ormalize as much as possible the source of the small test specimens while not
unduly increasing tooling costs and fabrication complexity. After weighing all
relevant considerations, including the state-of-the-art of SPF/DB, an overall
panel size of 1,200 by. 1,500 mm (4 bv 5 feet) was selected, with a tLsable

uniform sandwich area of approximately 990 bv 1,220 mm (39 bv 48 inches).

{3



To satisfy the requirements of the test plans developed and described in
tasks 3 and 4, a six-panel layout was adopted.

1. T_ panels for static test elements (task 3)

2. Two panels for fatigue test el#Jments (task 3)

3. One panei for static paneI test (task 4)

4. One panel for fatigue panel test (task 4)

The task 3 test eIements were cut fr_l the panels in accordance with an

optimal specimen distribution layout. Figure 6 shows a t)q_icat test specimen
layout. Special attention was given to the specimen marking procedure to

insure traceability of ai1 specimens along the e_,_tire process from panel
cutting operation to test evaluation.

TASK 2 - PROCESS OPTIMIZITION AND TEST SPECIMEN FABRICATION

Ptt_3fil_bS OPTIMIZATION

Although one of the objectives of this program _ras to optimize SPF/DB

process parameters, it was decided early in the program that this objective had
already been accomplished by the Air Force BLATS program. Consequently, these
newly improved procedures, which represented a forefront in the
state-of-the-art, were selected for this program to insure the best quality
available in the panels to be fabricated. These new improvements consisted of:

i. Kiss plates around the panel between the container and the cover plate
to limit the squeeze effect on the sealing contour

. Time extension of internal argon pressure over a portion of tim
cooling stage to reduce core deformations after the end of the forming
process

5. Container installation on top of the cover plate for easy release of
the SPF/DB panel frcm the container and to enable unrestricted panel
rest on the flat cover area

4. Breakthrough and reverse breakthrough simultaneous rapid start of the

core forming process over the entire panel area

A step-by-step description of the SPF/DB process as applied to panel
fabrication in this program is provided in a subsequent section of this report.



_,TERIAL PROO_,NT

Because of the inordinately long procurement time for tit_a_i,m_ sleet, the
material for this progr,_m was obtained from numerous existing reserve
stockpiles. However. exact sheet thicknesses desired were not available in all
cases and DB of two or three sheets to fore one sandwich face was necessary.

This supplementary operation was performed oar.current with _nel fabrication in
order to have a low impact on the cost of the program. This procedure had been
successfully accomplished prior to this progr;_n, and no program problems or
data contamination were expected or experie_ced.

Couports from eacJl sheet of material (figure 7] were made mid furnlshed to
the Rockwell Science Center for material characterization to set exact proceas

parameters for t_ SPF/DB process for each panel.

TOCL _G

The most expensive tooling for this program would have been the steel
panel container for the SPF/DB panel fabrication process. Forttmately, an
existing container for the Space Shuttle windshield frame was made available to

this progr_n and saved the cost of machinin_ a new container. The Space
Shuttle container and cover plate (figure 8, were of a size easily adaptable to
this program except for the cavity depth, which was greater than the p_mel
thickness desired. This problem _ras easily solved by fabricating a
depth-reducing insert to be placed in the cavity.

The Space Shuttle container was inspected and meastwements of the
container depth indicated a bow in the center of the tool. A nominal depth was

calculated, and the insert design was predicated on that measurement. The
insert shown in figure 9 was machined of lc_ carbon steel plate.

SPF/_B PROCEDURE

The improved SPF/DB process used in fabricating the expanded 3andwich

panels for this program is illustrated by the following step-by-step sequence.

I. The argon tubes are installed on one face. (See figure I0.)

2. The core sheet is slotted for argon tube. access _nto the panel. (See
figure ii.)

3. Argon tube location in core sheet slot. Holes for argon access to

both sides of the core are provided as well. (See figure 12.)

4. The two silk screens are ready for yttria application on both sides of

the core sheet. (See figure 13.)

5. One silk screen is positioned over the core sheet for _tria
application. (See figure 14.)
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The core sheet with yttria applied on both sides is aligned with the

first face (guide bolts). The argon tubes are tightened with titanium
strip welded to the core sheet. (See figure 15.)

The second sandwich face is laid down. (See figure 16. )

The clamped pack is tack welded together. The long pipes are
temporary supports for the argon pipes. (See :figure 17.)

The pressure plate and container are prepared for processing, the
slots for argon tubes can be seen. (See figure 18.,)

T_ container insert is installed. (See figure 19.)

The container is placed on the heating platen. (See figure 20.)

The pack with the picture-frame seal is laid on t,he container.
figure 21.)

( See

The entire system (pack, container, pressure plate, platens,
instflating material, pipes, and thermal sensors) is instatled into the
4,500-ton press. Gas and liquid argon supply vessels are on the right
side. (See figure 22.)

The control unit especially designed for the SPF/DB process is ready
to monitor panel fabrication.

15. The end product is cut and cleaned. (See figure 24.)

PANEL FABRICATION

All six panels were fabricated, radiographically evaluated, and
dimensionally inspected. The panels were made on a 4,500-ton press, using
basicalIy the same procedure as described in the preceding paragraphs, with

exceptions described in the following paragraphs.

Fatigue Test Panels

Fatigue panels 1 and 2 (F-IO0 and F-200) showed a smooth surface with only

little grooving at the edges. Because the grooves were located out of the test
specimen area, they did not affect the test results. The X-ray survey

performed on these two panels showed some very minor core buckling, but the

buckling level was found acceptable according to previously established BLATS

standards. No ruptures of the core were found.

Panel 3 (F-300) was fabricated in the same manner as the previous two
panels. Evaluation of panel F-300 by radiographic means showed slight core
distortion and some small core ruptures. However, the ruptures were in the

boundary area, which was not used to make any of the individual test specimens.
The three completed fatigue panels are shom_ in figure 25.

Two examples of radiographics are shown in figures 26 and 27.



Panels l, 2, and 3 (F-t00, F-200, :rod F-500), fabricated for fatigue,
crack growth, and crack arrest tests, were chem-milled to final dimensions, and
specimens were cut, end filled, and set up for testing. (Testing is described
under tasks 3 and 4.) The small specimens are sho_,n in figure 28 and the full
panei in figure 29.

Static Test Paneis

Panel I (S lot) first stati<- !_nel) was pr_tuced follewing identicat

procedures used on the previous three fatigue panels. '_lis panel .has the core
sheet thickness, as well as the core configuration, modified to satisfy static
panel requirements. Sealing problems were encountered because of using several
smalIer heating platens of various thicknesses. As a result, the DB cycle was
conducted at a lo'4er pressure level 1.72 .MPa (250 psi) instea_ of 2007 .MPa (300

psi), and the time was extended correspondingly to 4 hours instead of 2 hours,
as covered by 'Nanufacturing Process Procedures."

Problems arose during the forming cycle as a consequence of accidental
complete pinching of both inlet argon supply needles. The breakthrough process
was substantially delayed until the problem was located; thereafter, the two
outIet argon needtes were used for supply. The paneI, conseqt_ntly, was formed

with argon pressure and without argon flow.

The part was completed, and a visual inspection showed a well-formod part
with slight surface grooving. However, radiographic inspection revealed
n_erous internal defects.

After the S-100 panel was produced, inspection of the container showed an
important out-of-plane deformation of the insert toward the edges and
especialiy in the corner areas. A decision was made to continue the use of
this container without repairs to the insert in order to avoid a possible
additional delay caused by the impending return of the container to the Space
Shuttle program for a spare-parts mm. It was assigned that the specimens to be
obtained from the remaining panels _uld not im affected bv deformation at the
panel edges.

Panels 5 and 6 (S-200 mad S-300) were fabricated using identical
processing procedures as those used for previous panels. The DB cycle was

typical, breakthrough was rapid at Icw pressures, the identical
pressure/temperature cycle used in fabrication of panel 4 "_as applied, and
removal and cool-down followed normal procedures. Both pm_is were well-formed
and displayed only slight surface grooving. However, the sixth panel showed

some core rupture on the X-ray inspection, while the fifth panel showed agood
core. An investigation to determine usability of the sixth panel indicated
that the necessary test specimens could be extracted from the good areas of the
panel. The specimen layout was modified to avoid discrepant areas, and the
specimens were then cut from the panel.

QUM.,ITY /kSSURANC..E PLAN

A quality assurance program plan of action was established for this

program. Related detail inspection instructions were established to implement
the plan of action.

l0



RADIOGRAPHIC INSPECTION RESULTS

In accordance with the inspection instructions, the six panels were

checked for quality. Radiographic inspection of core sheets was used to verify

the relationship of the pattern silk screened on opposing surfaces. Fully

formed and bonded panels were radiographically inspected for core rupture, core

thinning, core distortion, node nonbonds, and node spacing. Ultrasonic

inspection normally used to evaluate gas bonded areas (closeout) _ras not
applied to this program because all closeout structures are trimmed from the

element test specimens. A suTnmary of the type of discrepancies found in the
six fabricated panels by nondestructive testing is shown in table II.

An evaluation of the core rupture in panels 4 and 6 was accomplished by
comparison of the processing records of panels 4, S, and 6. Records indicate

that slight overtemperature conditions existed on panels 4 and 6 but not on

panel 5. In addition, breakthrough anomalies were encountered on panels 4 and

6 and are considered to be the primary cause of the core rupture. Pinched or

constricted gas needles resulted in nonoptim_n breakthrough processes which
directly affected application of the desired strain rates. Actual strain

rates, as opposed to planned strain rates, were high because of the combination

of nonuniform breakthrough times and pressures and the slightly overtemperature

condition. The conclusion was drawn that for future panels greater emphasis

must be placed on maintaining a maximtm process temperature of 927 o C

(1,700o F) on a_y thermocouple, even at the expense of deviating on the minimum

temperature requirement. In addition, it is apparent that locating and

maintaining the gas needles in tbe proper position during pack buildup, and tool
transport into the hydraulic press will require special care in future
operations.

TASK 3 - DESIGN ALL_ABLES DATA

STATIC TESTS

Static Test Plan and Specimen Geometry

The static test plan was established to provide preliminary design

allowables data for short column, core shaar, and bending beam loading, both

longitudinal and transverse, for three temperatures. The static test plan is
summarized in table III.

In the following subsections, each type of specimen will be individually
discussed relative to its predicted strength, the data from the static tests,

test/predicted strength correlation, and reconlnended semiempirical design
strength formulae. In each of these subsections, standardized nomenclature

will be used for algebraic repr3sentation of structural parameters and for

sandwich geometry. Figures 30 and 31 illustrate the geometric nomenclature for

this program; the parameters u i in the strength equations are defined in the
List of Symbols.

ll



The materia! properties used in the test evaluations are shown in table
IV. The RT values were obtained from Reference _ (page l-t01, the -54 ° C
values fro_l Reference 4 (pages 5-83 and 5-801, and the 2600 C value from
Reference 4 (pages 1-16 and 1-171 as an average between 2040 C (400 ° F] _md

_16 ° C (600 ° F).

the test specimens for tile short coltran, core shear, and bending be_

tests :are show.n in figures x__, _x, and 34, respectively.

S t!t?r_t__.Cottx!Lm_- +Lo_rng.i tud i na 1 Core

The longitudinal short coltlan tests _re conducted to verify the predicted
va lt_es for :

a. Local stability stress (initial buckling Fcr)

b. Failure stress (crippling Fcs)

c. Compression _xtuhLs of elasticity (g c)

A total of seven specimens were tested at Iow, room, and high temperatures, as
shown in table II1. The test results, the predicted values, and their
correlation are shown in table V and fi_lres 35 and 36.

Predicted Values

For local stability stress prediction, the conventional buckling formula
was used"

t: W "?

CT" _ C " \,1[I1_"; _'O1" _k [ "Olll t_t'tt'I'_'!ICl" S

)] 12_I bt-I \ bl: /\ \

For failure stre.,,, prediction, the conventional crippling formula was
used-

q+ (t)F : c li
CS. 0 C .....

t ' b i

where c e . .771 for truss core sandwich made of Ti-6A1-4V alloy
{Reference 9)

Subscript i indicates the individual sandwich section component tmder
consideration. Besides the aforementioned crippling formula, the following
limitation must be considered-

Fcs x Fcv

12



The crippling stress calculated for individual cc_onents of the truss
core section are combined in the following formula:

_£tF .\ )
C >; I

I

t:cs _: _, IX....
I

where Ai = ti , b t

,est Results

rest data consist of load versus deflection, gage readings, strain g_,ge
indications, and geometry of the individual specimens. The buckling a_nd
ultiua_te stresses _e.re obtained by dividing the applied N_ckl ing and ultimate
loads by the total trmsverse section area. The total transverse section area
incltktes both face _md core sheets.

t.

CV

CI"
z_ ......................

t.r (tt: , tF, * t.N)
1

ult

Pu I t
= ..........

t _ t x )I.T /tt: 1:.
I

The compression modulus of elasticitv, F4z, was obtained bv the
conventional formula:

Ct"
i ¸ •-: ................

c _1:1 (tF1 _ tt: ' _ t N)

Test/Predicted Correlation

The test/predicted (T/P) ratios exhibited a a3rrow spread, indicating a
good prediction capability. A general review of the ratio of test/predicted
values shows:

l,oad instability

Faiture stress

_odult_ of elasticity

Average

I .01

1.08

I. 0"_

Lowest

0.94

0.99

0.93

Highest

1.09

1.18

1.16
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Revommendat ions

,_ correction factor of 0.84 is recommendedfor desiRn bt_'kling stres,; and
0.00 for design crippling stress to bring the averaRe rllargil_ of ,_afetv to i_..20.

l'he ,wer:;_,.e F/P m,xtulus of elasticity ratio is l.OX antt the predicted t!. ,.:iltm_
are recommendtxl t-,_ N" ,.7on,qidel'od adeq_k_te.

l_lt-.to folo •

!i

CI"

{!.,q 1 _,
_7 x t !

V/ I I'

_ \
\

i

• it: O. '_ v" l:

I V
)l:

'i

v

The little infltJence of the F.... cutoff value in Fcs computa_;en for the
node was neglected. The _eightexl crippling stress formula remains tmchanged.
For modulus of elasticity, the t'lata provided in table IV should be tLged.

'lest values for 260 ° C indicate that the compression modulus of elasticity

derived from Reference a f,r tluat ten_gerature may be too lo_. The walue of Fx:
(96.19 6Pa) ttsed in the foregoing test for 260 o C would have to be increased to
106.77 t;Pa to bring the (T/P}Av to 1.00. }towever, since this obserw_tion is
bas_xt on only three tests, it is recomcnended that future pro,_rams incltkte a
recheck of the compression n_xtulus at 2600 C.

Fi_lre "_7 shows a typica! roc_u temperature setup, _hile figtnee _1
illustrates the elevated temperature test equipment. Fi_wes X9 grad 40 sho_ a
typical specimen after failure.

Short Coltmm Transverse Core

The transverse short col_rma tests _re condt_zted to verify the predicted
val oes for:

a. Local stability stress (initial buckling, Fcr)

b. Failure stress (1.20 x initial N_ckling asst_ed)

c. Co_ression modulus of elasticity (Ec)

A total of seven specimens were tested at 1o_, room, and high temperature, as
shown in table [II.

The test results, the predicted valt_es :rod their correlation are sho_q_ in
table VI amd figures 4l _md 42.

1.1



_'ed i c ted Va I ue

For l_x:al stability stress predict ton, the conventional rode coltlnn
t'orm;.fla was used"

k*l"

)7

71" .... _II 11

x l.'_l /I") ' _ /

\

Fcv failure stress prediction, I.ZO times initial buckling _¢as tr_ed, l,Se
stress level was in the elastic range; therefore, the plasticity correction
facto( _s eqt_lt to tmitv.

Test Results

Test data consist of toad versus deflection, RaRe readings, strain gage

indications, and geometry of the ir_divi&La! specimens.

The buckling m_d ultimate stress _ere obtained by dividing the applied
bt_zkiing and ultimate loads bv the transverse area of both face sheets.

1;

CI"

CI"

1,1 it + t ): }
}:

I .J

t_l.t
Fut t ...........

II it _ t
F I F,_

The compression r_dulus of elasticity, Ec, _ts obtained bv the
convent i onal fonnul a :

CI"

k"

I_1, (t l` + t 1
"1 F,

Fi,_re 4_ illustrates a tTcpical specimen set_p ready for test.
;md 45 show a typical specimen after failure.

Figures 44



Test/Predicted Correlation

the test/predicted (T/P) ratios exhibited a narrow spread, indicating a

gocKt prediction capability. A general review of the test/predicted values
shows:

I,ocal instability

Failure stress

Modulus of elasticity

Average

.84

1.02

l. 64

Lowest

.73

.93

1.47

Highest

.99

1..14

1.89

Recommendations

Although the correct test value fer initial buckling is difficult to
establish, the predicted values proved about 16% higher than the values
obtained from tests. To correct this discrepancy and to provide a 20% margin

of safety for design purposes, a correction factor of 0.84 x 0.8 = 0.65 is
recommended to be used with the buckling formula. The resuiting initial

buckling design formula is:

F _- l! ' "

c__/"= 9.b5 K c _I " k fFo! ReF_'rc'n_" _.

' \ bfV v 12 kl - /t-) ] v

For faiIure stress prediction, the initial buckling formula, increased by

20%, provided a test/predicted ratio arotmd 1.02. Therefore, the initial
buckling formula is considered suitable for design ultimate stress, providing a
20% margin of safety.

t:_llt
7r- 1! : -

c - K

v t: CI - _') bf /

l-l't_H1 }_L'iL'I'¢II_'L _ t.

For elastic modulus, the test results provided moduli of elasticity

between 47% and 89% higher than the predicted ones. For exampIe, at room
temperature the average test value was Ec = 176 GPa in contrast to the expected
value of 113 GPa. The discrepancy is high but consistent, and indicates an

t_aidentified influence that could not be traced to the computer or test machine

readings. All seven tests are grouped in a narrow band. All test values
reduced by a factor of 1.64 are shown in table VII in the next to last column.
The test reduced value/predicted ratios are shown in the last column.

I 0



Since the longitudinal short column tests showed good correlation between
test results and predicted values, and because modulus of elasticity is a
material characteristic, the predicted values shown in the longitudinal short
column evaluation are considered correct and reco_ended for design.

In a similar manner to the results of longitudinal short column tests, the

transverse short coLumn tests at 260o C indicate that the material Ec = 96.19
GPa is too low; further investigation is recon_ended.

Core Shear Beam - Longitudinal Core

The longitudinal core shear beam tests were conducted to verify the
predicted values for:

go Core shear stress (F')
q

" l,

b. Core shear modulus CC;' )
C

I.

A total of seven specimens were tested at low, room, and high temperature as
shown in table III.

The test results, the predicted values, and their correlation are shown in

table VI[ and figures 46 and 47.

Predicted Values

For core shear instability, the :omputations are based on core web
eiements. The shear buckling stress was obtained by using the conventional
pIate shear formula:

F rr t! (+,_)
s _ K c _c • b,

q s t2 L1 it-) n

['FOlll _Ot-C:I'L"IICL" :_,

The Ks value obtained from Reference 5 considers the core web under combined

shear and inplane web bending loading. The Ks value was obtained as a function
of web aspect ratio and bending-to-shear stress ratio:

s s / (Reference 3/



Using appropriate diag:'ams, the conversion from Fs/n to Fs _ts performed.

The core web shear stress was translated to core shear stress with the

following formula"

t

For predicted elastic shear properties, the following material shear
moduli were used:

. Y I 0 • ,,

L :;.1 '_;) li t R'I'I
c(kl

G(RT) : 42.75 GPa (Reference 3)

_ . .-c--!-:P_!_-:,I_; = 3_. 3_ (;pa

(2(_0°C) tc LRT_ (RT3

The core shear properties _re predicted bv t_ing two different formulas"

_' .......G

p t,
• \ .

el. (be + b:_'!Ic t_)

M_¢ 1"o

c

Comparinl predicted values and test results, the second formula was fotmd

more appropriate and is recommended.
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Test Results

Test data c;_rr_l;.,- ,_C!<,.<! vt,r,_,_sdeflection, :rod p,,_,m,,,_..... .... "
individual specimens l'1,',- _-_,_-i,',,!;. aad ultimate core shca_" _r-,,_: -.-.

obtained by dividing i-,.lf _t _!_" tppl_d load P/2 by _he tl'tr->'cc.:, _ ,
the i:ez_ speci:nen.

{
L

t ' :-

\ i

t-_'It 2 !!c

The elastic behavior _ls amalyzed by considering both bending <w_,i :i_,_,_,:-
deflections:

6 = 6B +6s

¢} Pi "_ t't
a .......... 4- ........

_i{ I! [ 1(;' \
C C C

I

_dlere

\ -- >t'_c,ir >cot ie_l ,_v_, = i li i_

From the foregoing fotnm_la, the core shear modulus is obtained"

Pl ,.,'-1:\
C

t;' .............

Cl 8 tt'l.)/lSi:, t /
k

Fignn-e 48 groups the six longittKlinal core shear snecimen__ after t_._ il_te,
while figure 49 shows a closer failure detail of one typical specimen

Test/Predicted Correlation

The "as fabricated" core web thickness was folmd to be substantial I_
thicker than designed. Consequently, the core web shear stress reached the

plastic range and the test/predicted evaluation results were distorted.
Another factor which influenced the test/predicted results was the N_ckled core

web resulting from fabrication. The buckled core was caused by a compressive
load imposed by the container upon the SPF/DB panel after the core had been
fully formed.

19



' _eneral review of the test,predicted valises shows"

.............................. i .....................................................

.... .,\veraRe l l,owe_t _tighest

Core shear failure stress ..:)l1 ."S l.O1

[Shear m_×tul_is '... [5 .8.1 ".(12

The test results oF specimc:_ (_,Sl._{l have been ,Iiscarded _ince the load _as
applied through i too narrow O._5_n (i/4 tnch).-wide metal strip. For the ,_ther
specimens, a 2S.,_mn (I inch)-_ide metal strip _as used for toad application.
[t should be mentioned that the stabili:.ing filler in the load applicati_,n area
was inadvertently omitted from the. high temperature specimens.

Recon_nendat i ons

Plate shear tests are reco_ended in the future to avoid potential errors

originating from the combim._t bending and shear loading, ttowever, the present
test results can be considered acceptable for preliminary" design sizing.

For core shear stress, the initial buckling has an average test/predicted

ratio of 0.6"_. To provide a 0.20 margin of safety for design purposes, a
factor of 0.6; x 0.8 = 0.54 is reco,_nended to be applied to the prediction
formula discussed earlier:

v_ = ,,_.:;,I k > , \b

for N_kling shear in core web.

The ult_nlate failure stress test/predicted ratto averaged 0.91. I'_
provide a 0.2{) margin of safety for design purposes, a factor of 0.9l x .gO =
0.73 is recommended to be applied to the prediction formula"

/1"" 1 't \-

(>>!',lt t_ _ k " ' k

r/ q 12 vl _ } c

'. ',',_:' i(_'i<'1"t'T'._ _' .,.

2O
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For both initial buckling and ultimate stress, the F and F
in core webs are obtained in the following procedure: Scr- Sult

stresses

Multiply F /_ or F /q Dy _ Obtain _-F or _ from figure
S " Scr suit cr Sult

50. Divide them by v_. [f allowable core shear is required, multiply the core

web shear stress by to/p:

t t
F' = F ¢ F' = F c

S .% --- " 5 " -
cr cr p ult >t_lt p

Core shear modulJs, uo , was obtained in a relatively scattered pattern.
t

The high temperature tests g_owed higher than predicted values. It may be
asstlned that the modulus of elasticity is influenced much less by high

temperature than indicated by present data available. Therefore, the Ec = .96
GPa should be checked in future programs. Similar recommendationz were given

in the preceding test evaluations.

The lower-than-predicted values for low and room temperature are
presumably caused by the core being buckled from fabrication. An average for

those tests indi_tes a test/predicted ratio for the core shear modulus of
0.85. It is recommended, therefore, that the prediction formula be reduced by

this factor:
O

p%
G_L_ _.85 G += (b c bN)(c - t N)

Core Shear Beam - Transverse Core

The transverse core shear beam tests were conducted to verify the

predicted values for:

a. Core shear stress (FsT)

b. Core shear modulus cC )
cT

A total of seven specimens were tested at low, room, and high temperatures as
shown in Table III.

The test results, the predicted values, and their correlation are

presented in Table VIII.
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Predicted Values

For core shear stability, the computations are based on core web elements.

The core web compression buckling stress is obtained by usin_ the conventional
wide coltlm formula:

.... c tc -
CF .= K ..............

r/ c t2 {1 -/l-) -

where

Kc = 1 (for pirmed ends)
Kc = 4 (for Fixed ends)

Since all the buckling stresses were found in the elastic range

F = F /17 , or /7= 1
w w

cF cr

The core web compression stress was translated to core shear stress by the
following formula"

t
c

F' = F -- cos 0
s T w pcr

The core shear elastic properties were predicted by using two different
formulas:

E ct cos30
c C

G' = 1.85
cT P(P - b N)

(empirically derived from earlier tests)

C,' =

CT (bc + tN) z

(Reference 6)

.4 in the longitudinal core shear evaluation, the second formula compared
more favorable with test resuIts.
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Test Results

The same approach was used as for the longitudinal core shear tests with
some alteration:

a. (LL) is replaced by (L'T) and vice versa

b. G' is replaced by G'
cI, c 1,

Test/Predicted Correlat ion

The test/predicted (T/P) ratios exhibited a large spread, indicating
limited prediction capabiiity, with the entire field centered around a T/P

average of about 0.43 for buckling stress, 0.54 for ultimate stress, and 0.70
for core shear modulus. A generaI review of the ratio of test/predicted values
shows:

Buckling stress

Failure stress

;ore shear modulus

Average

.43

.54

.70

Lowest

.32

.43

.35

Highest

.61

.72

1.01

The wide spread and low T/P ratios obtained are attributed to the core web

deformations resulting from fabrication. This initial eccentricity of the core
web decreases considerably the column performance of each individual web

element. The core web "as fabricated" deformation is a random phenomenon
differing from web to web and along each web.

Reco_nendations

Plate shear tests are recon_nended in future programs to eliminate the
bending deflection infhmnce brought in by the core shear beam type of test.
Although more expensive, plate shear tests offer the advantages of greater
reliability and more direct data analysis. Improved _mmufacturing methods wiI1
reduce the initial core web deformations, increasing significantly the T/P
values. On the basis of present tests, it is recommended that reduction
factors be applied to reconcile the prediction formulas with the test results.

A correction factor of 0.35 is recon_nended for design buckling stress and
0.43 for design failure stress to bring the average margin of safety to 0.20.
A reduction factor of 0.70 is recommended for core shear modulus. The

resulting design equations then become:

F 2

or_ 0 35 K c

• ? bc/12 (I - #-)
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}" 7

cr = 0.45 K c

t/ 12 (1 - /,/2)

_l)c.signi;lil_Irc)

t c t, 4 ) t N
,,'.' = 0.70 (,

CT (b c + bN) 2

Bending Beam - Longitudinal Core

The longitudinal bending beam. tests were conducted to verify the predicted
valt_a for:

a. Ix_ca! stability stress (initial buckling - Fcr )

b. Failure stress (crippling - Fcs)

A total of five specimens were tested at low, room, and high t_ratures, as
shown in Table IlI.

The test results, the predicted values, and their correlation are

presented in Table IX and Figures 51 and 52.

Predicted Values

For local stability stress and failure predictions, the conventional

buckling and crippling formulas, respectively, shown in the longitudinal short
column test evaluation were tmed.

Test Results

Test data consist of load versus deflection, gage readings, strain gage

indications, and geometry of the individual specimens.

The applied buckling stress was obtained by using the bending stress
formula:

F
cr

blcr(2 c + tFl + tF).

2IU
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The applied failure stress was obtained as above, but in the section
properties computation the facesheet width (b F) between no,tes was reduced to
the effective width (w). Similarly, tile compression side of the core web width

was reduced to l/4 bc.

Figure 53 shows a typical test specimen in the test apparatus after
failure, while figure 54 displays all of the failed bending beam specimens,
both longitudinal ,and transverse.

Test/Predicted Correlation

The test/predicted (T/P) ratios exhibited a relatively narrow spread,
indicating a good prediction capability. A general review of the ratio of
test/predicted values shows:

Local Instability

Failure
Average

1.06

1.32

Recommendations

Lowest Highest

.92

1.02

A correction factor of 0.88 is recomended for design t_ckling stress, and
1.10 for design crippling stress to bring the average margin of safety to 9.20.
Therefore:

Bt_ckling design stress,

tF t1-'F 7/" t"c (

: { ,s8 K " \ • k
q x 12 (! -/1-}

Crippling design stress,

CS e ,' C L'

Fcs _ Icy

t tom Re' lL' I'OllCC ,q.

= t_._'-I tlL'tercncc 9/

The little infhmnce of the Fc7 cutoff value in Fcs computation for the node
was neglected.

The combirtation crippling fomula remained unchanged.
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l_ending Beam - Transverse (]ore

The transverse bending be,m tests were conducted to verify the predicted
valnes for:

a. tz)cal instability stress (initial b_.-kling For)

b. Failure stress (Fcs)

:_ total of five specimens _,re te,;ted at low, room, and high temperatures, as
_holcn in Table 111.

The test results, the predicted valt_s, ;and their correlation are shown in

Fable X ,md figure 55.

Pred i cted Va I ues

For local stability stress prediction, refer to the transvese short col_nn

predict ion discussion.

"rest Results

'rest _hta consist of load versus deflection, gage reading, strain RaRe
indications, ,and geometry of the individtml specimens.

The applied buckling stress was obtained by using a simplified bending

stress formula where only the facesheets resist moment

|:

CI"

cr

ht F (co11_p
t,i,

,_1 I(}' )
CI" CI"

I'. r _as considered the load where the load versus strain curve separates frtxn a
straight line

The applied failure stress _as considered eqtml to the bt_:kling stress
since the load versus strain curve separates from the straight line amt the
failure occurs immediately.

Figure $6 shows a typical specimen after failure.
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'l'est/Predi cted Correl at i on

The test/predicted (r/t'} ratios exhibited a r_ lativelv narro_ spread,
indicating satisfactory prediction capability.
of test/predicted values shows:

t :_,ve r agel.ocal instabttltv I..14

A general review of the ratio

l,c_ es t t }1i ghestl. 24 _ l .00

Recommt_ndat i on:;

A correction factor of 1.20 i:; recommtmded for design h,ckling stress to

bring the average margin of safety to 0.20. The equation for design buckling
stress then becomes:

: \l,t:/ .k" \

17 v 12 t l - _-)

tl'Olll }{t'it'It'lic't' S.

FRACTURE Nb,CIt_ICS TES'IS

The lairposes of the fractt_'e mechanics tests were twofold: (1) To
determine the da/dN crack gro_h characteristics of superplastic formed and

concurrently diffusion bonded Ti-6A1-4V titanit,n truss core sandwich panels
subjected to constant amplitude load cycles, and (2) to demonstrate the

durability, damage tolerance, and residual strength characteristics of a
moderate size wing p_mel sub iected to a load spectrum representative of a
stq3ersonic cruise vehicle.

Crack Growth Design Allowab!e Tests

Spec i mtn Des cr i pt i on

}4ine crack growth design allowable tests were condl,cted at the load and

tomperature schedule listed in table XI. The test specimens were 190 r_n {7.50

in.) wide, 610 mm (24 in.) long, and approxiraatelv 25 _ (1 in.) thick. All
specimens contained a a. 5 mm ({3.10 in.) long through-the-thickness crack

created by electrical discharge machininp (EIIN) in one f'ace sheet at midpanel.
These fla_cs were precracked in three-point bending prior to test. Details of
the panel cross-sections in the test area are shown in figure 57.

The specimen face sheet thickness dimensions listed in table XlI were
measured from the fracture face after failure auad vary somewhat from the
nominal drawing thickness dimensions. The measured dimensions were those tLsed

in determining the maximum test stresses listed in table XI. Tke resulting
applied stresses for the constant amplitude tests were lower than the intended
231 btPa (33.5 Ksi) becmtse of larger-than-normal face sheet thicknesses

remaining after chem-milling.



|"l,_ht of tilt' -;[_?ci.lnetlg _ot, re tested to ,| const_ult ,tlnplttl)tte lt_id cv_ lt' with
.i llkl_illllllrl axial tension stres-; of ,ippro_ilnatelv ?07 Mff,t [_0 kst ) at .m R-t_ctor
_f zero. l'he nlntll ,t_-cimen _,:_,; tested to the ,;[_ectrtml l i,_ted in table \l l I,
with ,l _,xim_.n _pectrt.n ";tre_'; of 2_1 Ml_a (_.S kst). 3,11 tests were cond_mcted
in .Ill .lit environmel_t .It the tt',g_'rat_we-; noted in table "_I with a cyclic rate

Of ;Ip[_l',_Xilll;ltel\' _; [t7. t;l-;lCk lOll,qths wt'to !llo,iSlll'Od ,ln,t Fec,31",|ed ;ifter evt?rv

l.:, illlll (11.05 _Ikh) i:lcrolnetlt ,_t qr,_wth up to t,iilure.

l'eqt Res_llts

ll_t, crack fr,_'th ctu-v,,,; for the l,,n<ittMtn,_l cove _t'c_;|lens tested .It

tOllll_t't',lttll't'S O( ?I 0 t: i,_tl 0 _:). L_IO (' ( OSO F1 ,rod 200O _: _5i11/0 I:) ,iro _ho_ll

Ill _rt,_tlt'es, 5_, SO. ,tlld 01,1. Ft.qure t_t gho+s the c_._m_xirAttve ,-t:rves for the-;e
three tests _ith ri_e d,tt.i nor_nalized to a c,_nmon _ntttal crack length, C = 2 ram

(.08 in.). l_sed on past experience w_tIl o_her _m_tetial_, it _s expected that

the st|h-zero te_nperature test w_t_l,t prc_t.._ce ;t ,;lower growth rate ;rod longer
test life tkm the eq_ivalent l,x|,t rc_m temper,_t_.re te.,-_t ,rod that the reverse
w_l,t I_, tr_? of tilt" elevated tt_nperat_n'e test. rllese te,;ts were r_l ,it tile

same lt_td level to f,icilit,lte thiq comtxir_son, l_le curves in figure Ol confirm

tt_- expected lon_er life at 5.1o C (-_5o F) ct_npared to room temperature, but
also show the 2oi_)C (5(1_ F) tt,-_t with .greater life than the r_x'_ t_._nperature
test. _ explanation is offered for this. F_wh of the test-, showed a n_oderate
level of crack arrestment provided bv the core nodes as they were approached by

the growing crack. This is _ho_a graphically by the change _n slope of the
curve as it approaches the first :md then the second node. Figure 62 sho_s the
growth curve of a similar specimen but with a crack-arrest strip them-milled on

the face sheet at the second node. No appreciable inflt_mce is shown by this
strip in terms of additional crack arrestment beyond that provided bv the core
node since the crack was long at this point and growing :it a controlled t_t
fairly rapid rate compared to the size of the crack strip.

ltae crack growth data for the transverse core s|_ecimens tested at

ttnnper,_tures of 21 o C [_0o 'l. 54o C [-,t_5 ° t:l, ,rod ?.60 ° C (500o F) are shown
in crack le_gth ;ersus c_,x'les ,rod in ttle tr,Mttio,lal Ja'JN ver,;us K foments,
respectively, in figures O_ through 0_. t:igt|re 09 sho_s tile cornpar,itive data
for these three tests in da'dN versus E format. _s in tilt- case of the

longit_tinal core tests tt was expected that the sub-zero test _mld prt_hrce
tile slowest growth rate _md tile elevated temperature test the fastest rate,

w}th room tt_perature in bet_eer. :_ain0 ho_ever, this trend was not
&monstrated by the ,bta. The growth rate lines of fi.o_re _9 confirm the
expected slower growth rate at "540 C (-O5o FI compare(i to room temperature,

hut also show the 2611o C (500o F) test with a slt_er growth rate ttmn either
the room temperature or sub-zero tests. One common characteristic of each of

the. three transverse core tests was a slope, of the daMN line of approximately
2. Refer to figures 64, 66, _md 68. This slope is substantially lt_er than a

t_pical cla,/dN curve Mope in the range of x to x.5 One possible explanation
is that a shallow slope is a characteristic of ri-6AI-4V SPF/DB processed

2_

J_t _ .



material. ?mother contributing factor, _md perhaps the predominant one, is
that load is being progressively shed by the cracked face sheet through the
diagonal core to the back, tmcracked, face sheet. This thought is confirmed by
limited strain gage data from test F-ll in which one strain gage on the back
face gave progressively larger readings from 210.3 MPa (30.5 ksi) initially to
a maximum of 248 MPa (36 ksi) as the front face crack grew fr_ its initial

size to a length of 88.9 urn (3.511 in.).

t:i_re 7(1 shows the growth curve for test F-ll, a tr.msverse core sD.'cimen
with crack arrest strips on one face sheet. Figure 71 shows a comparison of
test F-ll with test F-12, a similar transverse core panel Nit without crack

arrest strips. Both tests had been rtm at the szmae cyclic stress level and had
essentially tim same initial crack length. The shaded area shows the inflt_ence
of the crack arrest strips. The improve_aent in life was frcxa t_4,000 cycles on
F-12 to 72,000 cycles on F.ll, _m increase of 12 percent.

Figure 72 shows the crack growth curve for spectrum test F-06. Failure
occt,rred after 247,0011 cycles of step 5 of the second lifetime. The crack had

grown fran an initial size of 4. Imm (0.16 in.) to a final -ize of 177.8mm (7.0
in.) at failure. A total of 1,709,000 load cycles had been appli_xt at the time

of failure, equiwtlent to 1.33 lifetimes. The most damaging load steps were
climb segment steps 5, 6, _d 7 of the first lifetime and grotmd-air-grotmd
segment step 4 and climb segment step 5 of the second lifetime. The 1.0-g
stress level for this "oct was (25 ksi) and the maximum stress (step 7) was
(33.5 ksi).

tASk 4 - S'IRUCTIIRAL PANEL PERFORMANCE

STATIC TESTS

The static tests consisted of compression panel tests. One panel, 996 x
1143 mm (39 x 45 inches), was tested in the core longitudinal direction. The

original test plan called for this panel to be tested in the transverse
direction to limit load prior to performing the ultimate (failure) strength

test in the longit_dinal direction. In order to :avoid the [x_ssibility of an
tmexpected failure or permanent distortion during the transverse loading, a
decision was made to _Lse a sel_wate specimen 280 x 8q0 man (11 x 35 inches) for
the transverse loading and to test to failure.

l,ongitudinal Compression Panel

The static compression panel test was designed to verifv the accuracy of
the compression panel predicting method, applied to the uppercover conditions
of point No. 4 of the supersonic transport vehicle. (See figure 3 and table
I.)

The loading condition consisted of combined biaxial and shear loads on a
very long panel (a/b ratio of 4.73). Since a test of this size of panel would
be impractically expensive, a a/b = l panel was chosen. For panels ruth aspect
ratio a/b = 1 and a/b = 4.72, the buckling coefficient is equal. Therefore,
testing a panel with aspect ratio a/b = 1 is considered satisfactory.
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To obtain general instability mode of failure, the maximua size of panel
was chosen. The manufactured panel had a full size of 1524 x 1219 nla, of which
1241 x 1013 _ was expanded sandwich. The largest possible size of compression
test specimen obtainable fran this panel was 1143 x 1143 m, including same
non-sandwich edge area, for an a/b = 1.

Predicted Values

To predict the compression panel general instability, the method of
reference 7, based on Rayleigh-Ritz energy method, was used. The "as-designed"
1143 x I143 panel had the side flanges incorrectly cut and a 1143 x 996 panel
was provided for test, with the long side parallel to the core. The stability
equation is:

7r-D
N = K

X X _ _
(I.T) "

whe re

K
X

t

%

b
C

= fta/b, J) = 4

a tel.
- = 1.15

b

-- 9

,j _ (l (I2I')" = 45.8

11""q}

U = G' c = 2.10 x l07

cT

(c- t N) t N
=0.76

(b c + b N)

D =

sinO

Ect F (c + tF)"

2 (1 _2)

= 987 MPa

= 4.74 x 104
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The predicted value of the buckling load Px for the "as-designed" specimen

was _.355 x 106N, so an available test machine with a maximum capacity of 1.779
x 10 N was considered adequate for testing this specimen. However, the
"as-fabricated" specimen had thicker face sheets than intended and the panel
did not buckle even at maximum test machine capacity. A review of the
predicted buckling load using actual face sheet thEcknesses resalted in a new
value of 1.879 x lOON. Unforttmately, no higher capacity test _achine was free
at that time to retest to the higher expected load. Consequently, a limited
conclusion can be drawn that the panel showed no evidence of the onset of
lateral deformation within 6 percent of the predicted buckling load.

Figure 73 shows the compression panel in the test machine.

Long Column - Transverse Core

The transverse long z3lumn test was conducted to verify the predicted
values for:

a. The "wide column" behavior of a panel _th high ratio of length/width

b. Local stability stress (initial buckling - Fcr)

An 890 x Z80 rm (35 x ll inches) panel was tested as a long column at room
temperature. The truss core was oriented along the 280 _ side and the ends
were pinned. As mentioned previously, because of nondifferential face sheet
chem-milling, the design face sheet thickness was obtained in certain areas
only; in the remainder of the panel the face sheets _re thicker than intended.

In addition, because o£ the container defomation, the sandwich panel itself
was thinner than designed, _th the core webs less stretched (i.e., thicker)

than intended. Consequently, the predicted specimen properties were
recalculated for the "as fabricated" dimensions.

Predicted Values

For prediction of the local stability stress, the conventional buckling
formula was used:

[: = K
cr y

71"" t! : -
c

12 _1 -/J-) \ bF /

-1



where

K
%[

t
C

t F
rain

i tc ' 0= f tFmin

t N COSO

t F
rain

J --

= 1.62 (Reference 8)

6 = 51°

F
cr

-- = 284.9 _/Pa

Since the stress level is in the elastic range:

F = 284.9 HPa
CF

= Fcr tF 1 tF 2) =Pcr ( + LL 204.9 KN

For general stability, the conventional Euler formula was used:

2
F 7r E

C C

17 (LT--/p) 2

where

02 = I/A = 118.9 mm2

LT = 872.5 mm

E = 113.08 GPa
C

F
C

--= 247.9 HPa = F
r/ c
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Load appiied at generaI stability stress is"

Pc = Fc (tFi + tF )_ LL = 151.1 kkN

Comparing local and general stability, the column would be expected to
faiI in the general instability mode.

In different sources, Poisson's Ratio has different values: e.g., _ = .33
(limited number of tests performed on SPF/DB Ti-6XI-4VmaterialJ or U = .31

(Reference 4).

Test P.esults

Test data consist of load versus defIection, gage readings, strain gage

indications, and geometry of the specimen. The failure occurred in the general
instability mode as predicted by analysis, foliowed almost instantly by local
instability failure of one face sheet intranode element. The failure strLss
was obtained by dividing the failure load by the cross section area:

P 180589
_50a bDa

(tF1 + tF ) LI, (1.37 + 1.19) 281

A supplementary check of the modulus of elasticity was performed:

P.

1 133440
E - - = 122.8 GPa

C -O
A 0.5 (.1083 + 1938)10 I1.37 + 1.19) 281

Poisson's Ratio was calculated on the basis of the ,train readings, one
along the Ioad direction (strain gage No. 7) and the other perpendicular to it
(strain gage No. 3).

Load (KN)

Strain Gage_

No. _

NO. 7

/a(--No. 3/No. 7)

46.70

119

396

0.30

66.72

173

568

0.30

93.41 113.42

2,#5

782

0.31

299

937

0.32

133.44

351

1083

0.32
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Figure 74 is a plot of load versus strain from strain gage No. 7 and
illustrates clearly the abrupt onset of failure. Figure 75 shows the specimen

ready for testing in the test machine, while figures 76 and 77 show the failed
specimen after removal of the load.

Test/Predicted Correlation

The local instability failure stress test/predicted correlation value of"

- O. 88
284.9

is closely in line with the transverse short column T/P buckling ratio of .84.

The generai instability failure stress test/predicted correlation value of:

,_0..,
- L.OI

'_' .9,.,'4 /

indicates a very accurate prediction capability. The modulus of elasticity T/P
value is:

122.8
- 1.086

113.08

Poisson's ratio test/predicted value"

0.51
- 1

0.31
(for non-SPF/DB materials)

0.31

0.33
- 0.94 (for SPF/DB materials)

In present computations, the Poisson's Ratio used was _ = 0.33. The present
value of _ = 0.31 coincides with the value indicated in Reference 4 for
non-SPF/DB material. However, the difference in values does not represent a

significant difference in predicted buckling stress values:

(1 - O. 53")

11 - O. 51 ")

= 0. 986

Recommendations

On the basis of the similarity to the local buckling test results obtained
from transverse short colu,m specimens, the corresponding recommendation will
not be changed but rather considered confirmed. Also, local buckling in
transverse loading should be considered as ultimate load. The modulus of
elasticity obtained from test is 9 percent higher than predicted. This is not
considered a significant deviation and the predicted value should be considered
adequate for future design.
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FRACTURE ME(_AN[CS TESTS

Fatigue Panel

Specimen Descri pt i on

A single large panel, fi_:re "8, was tested in _nbient laN)ratory air to
the load spectr,m of table XI[I to determine the durability and damage
tolerance charac'"ristics of the structt_e. The panel was designed with a

longitudinal core ,_rientation and with four 3.0 x 12.7 _n (0.120 x 0.500 in.)
wide crack-stopper strips diffusion bonded to the inside st_face of one face
sheet at the core nodes. The [urpose of these strips was to study their
influence on the grc_rth rate of an approaching face sheet crack compared to the
influence of adjacent tmstiffened core nodes. Strain gages were mounted on the
external side of the face sheet at each of the crack strips to measure the
stress redistribution resulting from extension of the artificial crack that was
induced at the beginning of the second l_fetime.

Test Spectrt_n

The cyclic load spectrum applied to the fatigue structural performance
panel is listed in table XIII. The same spectrum of stresses was also applied
to crack growth test specimen F-06 but with a lower maximum load because of the
narrower width of F-06. This spectrum consists principally of four-segment
operational flights together with a small nt_nber of check fIights. The table

represents one design iifetime of 21,100 flights and includes 1,286,000 cycles.
The steps were applied in full, sequentially as listed. This use of this
spectrum and the manner in which it was applied were directed by the customer
in order to facilitate ccmparison of Rockwell's test rest_ts with those of
another contractor conducting a similar research program.

Test Results

The structural performance panel was tested in ambient laboratory air to
the cyclic load spectrum of table XIII. The 1.0-g stress level for the test
was 172 _a (25 ksi) while the maximum stress in the spectrum was 231 MPa (33.5

ksi). The durability of the panel was de_nonstrated by the successful
completion of the first lifetime without crack initiation. Prior to the start
of the second lifetime an artificial crack was introduced by electrical

discharge machining through the thickness of one face sheet at mid-point.
Testing was continued with crack growth measured and recorded after periodic
increments of growth. Failure of the panel occurred after 4215 cycles of step
7 of the second lifetime. A total of 950,000 cycles, approximately 75 percent

of a lifetime, were applied in the second lifetime up to the time of failure.
During this time the intentionally initiated crack grew from an initial length
of 2.8 mm (0.11 in.) to 37.3 mm (1.47 in.). A plot of this growth is shown in

figure 79. Failure did not occur in this primary test area. The crack that
ultimately caused failure of the panel initiated at an edge of the panel

approximately 250 mm (9 in.) above the mid-panel test area and progressed
inward, undetected, on one face sheet for a distance of 76 ran (3 in.) prior to
catastrophic failure. The general location of failure initiation was in one

35



face sheet along a raw edge of the panel which resulted when the specimen was
cut to test configuration from a larger SPF/DB panel. Thus the resulting test

panel did not have edge closeout m_mbers such as the type that would exist on
production aircraft panels.

The strain gages motmted on the facesheet were read periodically from the
beginning of the test to confirm the desired stress level. They did not,
however, register any significant redistribution of stress from the growing
mid-panel artificial crack because the test was terminated before the crack had
grown into their area of influence.

Based on the inadvertent failure of this panel it should not be assumed
that the SPF/DB process produces structurally deficient panels. Prior to the
inadvertent faiiure, this test had successfally demonstrated one crack-free
durability lifetime of 21,i00 flights and 50,000 flight hours plus 5/4 lifetime

of steady, non-catastrophic growth from an intentionally initiated crack at the
mid-panel test area.

Because of the close proximity of the failure to the mid-panel test area
it was deemed impracticai to effect a repair that would not impact the
subsequent distribution of the load in a continuing test, thus the notion of a
repair was discarded and the test was terminated.

36



SECTIONIII

C_CL_IO_

It is felt that ali stated objectives of this program have been
essentially satisfied. More specifically, in an examination of the program
results with respect to the detail objectives (refer to Introduction), it can

concIuded that:

, SPF/DB titanium alloy expanded truss-core sandwich has been shown to
be an applicable and qualified candidate for fur,ire supersonic cruise
aircraft design in that basic structural allowables can be reliabIy
predicted. (The relative cost/weight merits of SPF/DB titanium

sandwich in comparison with other structural concepts are not within
the scope of this program.) Test results from replicate specimens for

the various Ioadings and temperatures tested showed a statistically
acceptable repeatability and satisfactory correlation with analytical
predictions. Where empirical factors need be applied to the

anaIyticaI formulae, they are easiIy determined.

It must be noted that in regard to evaluating the overalI

applicability of SPF/DB titanium sandwich to future supersonic cruise
aircraft, this program contributes only a first step in that broad
objective. The development of the technology of SPF/DB titanium
sandwich structural design wii1 require a carefully pIanned,
multidirectional program of many phases to evolve a fully validated,
competitive system.

, State-of-the-art procurement specifications and optimized process
parameters for SPF/DB titanium sandwich were established by the Air
Force BLATS program in a virtually concurrent schedule with this
program. This program corroborated that predetermined sandwich
geometries can be consistently produced over relatively Iarge panels.

It is felt that the various quality discrepancies experienced were the
result of economies inherent in a low-volume development program and
_ould become negligible in a production environment with dedicated

tooling. However, this program did e_phasize the vital importance of
precise process control and a rigid quality assurance specification.

The SPF/DB titanium sandwich design data base was supplemented by this

program to the extent permitted by the limited range of variables
encompassed. In static strength, the most important contribution was
the demonstration of the validity of the analytical prediction
techniques and the ability to generate straightforward empirical
adjusment factors where necessary. In the area of fatigue strength
and crack-growth characteristics, basic data were acquired. One
crack-arresting design concept was investigated.
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Figure 51. Longitudinal Bending Beam - Test Versus Predicted Buckling Stress
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Figure 57. Cross Sections of Crack Growth Test Spec£mens
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Figure 58. Crack Growth Curve for Test Specimen F-07 at 21° C (7[I° I:)
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Figure 59. Crack Growth Curve for 'rest Specimen F-09 at -54 ° C -05 ° F)
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Figure 62. Crack Growth Curve for Test Specimen F-O5 at 21 ° C (.70 ° F]
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Figure 66. Crack Growth Rate Plot for Test Specimen F-13 at -54 ° C (-65° F)
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Figure 70. Crack Growth Curve for Test Specimen F-11 at 2I ° C t'(_ ° F)
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Table I I

RADIOGRAPHIC INSPECTION RESULTS

Discrepancy Type

Core rupture

Core thinning

Core distortion

Core spacing

Nonbonds

X(1)

X

X(z)

x (4)

x(4)

X

x(Z)

Panel Number

5 4

X(6)

X(7}

X X

X

×(5)

X(8)

X

X(_,/)

6

X(5)

X

X(9)

NOTES: 1. Edge only

2. 6 to 12 mm (1/4 to 1/2 inch) diameter

3. 152 mm (6 inches) diameter

4. At node termination only

5. 5% of panel area

6. 20% of panel area

7. 60% of panel area

8. 60% of panel area. Distortion not perceptible to visual

examination of cut specimens

9. 70% of panei area
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Table IV

MATERIAL PROPERTIES

Temperature

F (bfPa)
cy

Ec (GPa)

-54 ° C

932.9

115.90

RT

813.6

113.08

260 ° C

488.2

96.19

NOTE The use of nondifferential chem-milling of the panels, with consequently

heavier than designed faces, caused the buckling stress level for the
longitudinally tested specimens to be pushed into the plastic range and
introduced the influence of the plasticity correction factor into the
prediction of the buckling stresses. New data shouid be obtained in the

elastic range (low-level stress) to eliminate the plasticity factor
influence.
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TABLE IX

BIROING BEAM LONGITUDINAL TEST EVALUATION

SI_:: imen

Predicted
Stress
(MPa)

Fcr Fcs

BSLL

BBI_I
BSLR2

BSLR3

BBLH

689 707
610 660
724 719
674 537
810 770

Stress
(MPa)

.., ,

fcr fcs

775 1047
759 1074
669 945
455 SSO
854 895

Test/Predicted

[T/P)cr [T/P)cs

I.IZ

I.24
.92

.95

I.05

1.48

1.62
1.31

1.0Z

1.16
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TABLE X

BI_IDING BF_a_ TRANSVI_SE TKS'I" EVAIAJArION

Specimen

_1
BB'IR2

BB'n-I

Average

Predi cted
Stress

Fc_

295
287
276
319
231

Test
Stress

fcr.
(MPa}

445
477
412
395
306

T/P

1.51
1.66
1.49
1.24
1.52

1.44

!

\

127



I

!

•,.. ca _ ...4

.,-4 I., _._

Q;

4_

li.

  zzzzziz
w-i

[

N e.,,I N N

_ _'_ _-, _ _._ ,--,
_._ U. ;.T..

O O O O
O O u'_ ¢_ O O u'_ _ O

P'-- P'- i I._ I_ I'_ i _') p,,.

O O O O O O O O O

N U_ _ N e',,,I _'_ _ N

0 _
)" Z _ 0 4) 0 0Z >- Z Z O _P>-.

e-

c_ O

il
_ m

. ,.,,._

e.,

"d

_ m

t.I

128



w

_i

c_

i

Z _

_,, I , m N , , i N

Z N N

• •

E

'

-,"4

¢M

• 1.0
e" I:_

tJr"
.,,=1 4.)

129



_oc

N_._

• °

. °
_N

• •

c

%1 ee) _

_r_c

_4Ne_

4. 4- 4.

_L_
_4N¢%

_lNt_

O0_'C

• •

:_N_
• o

_0DOG

4-4-+

_o

o_o

_N_-I _ _ _'_;_l_ ,_

_e_

o°°°°..

o°o.°.o

_°

_NN_
.°.o.t

iiiitl

R

N

R

t_ ,o ,om Ill

150




